INTRODUCTION
This review will provide a historical perspective of the evolution of our understanding of the protein transport machinery. One of the interesting findings of the last 2 decades or so is that molecular chaperones are as vital to the process of protein export as they are for the folding of cytosolic proteins. This article will describe the discovery of the protein export machinery and, in particular, will focus on protein transport in Escherichia coli and the involvement of the molecular chaperone SecB.
DISCOVERY OF THE PROTEIN EXPORT MACHINERY
The process of protein secretion is particularly remarkable in that water-soluble secretory proteins overcome a hydrophobic membrane barrier and protein transport occurs with high fidelity and efficiency. Following synthesis, as much as 50% of all cellular protein is exported to an extracytoplasmic compartment. These proteins are synthesized as precursors with additional amino-terminal sequences, called signal sequences, that are required for efficient export. These signal sequences are eventually cleaved by signal peptidase, releasing the mature protein in its final location. The presence of a signal sequence in secretory proteins led Gü nter Blobel to propose the signal recognition hypothesis. In his hypothesis, Blobel proposed that translation of the signal sequence from a messenger RNA transcript results in a unique hydrophobic sequence on the amino-terminal end of the nascent chain. The emergence of this signal sequence from the large ribosomal subunit initiates entry into the secretory pathway via attachment of the ribosomal-nascent chain com-plex to the membrane. This provides the topological conditions for the transfer of the nascent chain across the membrane (Blobel and Dobberstein 1975) . Although signal sequences are not homologous in primary sequence, they do have some common structural features: (1) a net positive charge in the N-terminus, (2) a hydrophobic core region, and (3) a polar cleavage region. In membranemimetic systems such as detergent micelles or lipid vesicles, signal peptides have a high tendency to form ␣-helices. The ability to adopt a helical conformation appears to be required for the function of a signal sequence, since some peptides that correspond to export-defective signal sequences display reduced ␣-helical potential. In contrast, functional signal sequences share a high capacity to adopt ␣-helices (Jones et al 1990; Izard et al 1995) . The low degree of sequence conservation and the ability of synthetic signal sequences to interact with lipids led many investigators to initially suggest the direct transfer model of protein secretion. This model suggests that the signal sequence of a nascent polypeptide binds in an ␣-helical conformation directly to the fatty acyl interior of a membrane. The subsequent docking of the ribosomal complex to its binding site on the membrane would have sufficient energy such that even strongly hydrophilic residues on the emerging polypeptide would partition into the bilayer interior. Quantitative assessment of the energetics of this process suggested that this mechanism could be used both to secrete proteins and to insert transmembrane proteins (von Heijne and Blomberg 1979; Inouye and Halegoua 1980; Engelman and Steitz 1981; De Vrije et al 1989; Jones et al 1990) .
However, evidence has accumulated showing that some protein components, such as the signal recognition particle (SRP), are directly involved in the recognition of signal sequences, and this recognition process is crucial for efficient protein export in all systems tested (Phillips and Silhavy 1992; Walter and Johnson 1994; Valent et al 1995) . Schematic representation of protein transport across the inner membrane of E coli. The nascent polypeptide is recognized by cytoplasmic proteins such as SRP or SecB. It is delivered to a protein translocation channel, SecYEG, in the membrane by a highaffinity SRP-FtsY or SecB-SecA interaction. Subsequently, the signal peptide is cleaved by signal peptidase (leader peptidase), and translocation through the channel is finally completed. Translocation of the polypeptide is powered by multiple rounds of ATP hydrolysis by SecA.
The SRP delivers nascent precursors attached to ribosomes to a membrane-bound SRP receptor (Connolly and Gilmore 1989) , with the eventual release of the precursors to the proteinaceous channel complex. Consistent with a prediction that the SRP should have a hydrophobic binding pocket for a signal sequence, recent crystal structures of the signal sequence binding subunit of SRP from Thermus aquaticus and the mammalian counterpart, SRP54, reveal a hydrophobic groove that is likely to contribute to the interaction with signal sequences (Keenan et al 1998; Clemons et al 1999) . Furthermore, the channel-forming ability of proteinaceous complexes through which polypeptides can be translocated, called translocons, have been demonstrated in prokaryotic and eukaryotic cells (Hanein et al 1996; Meyer et al 1999) . Yeast translocons (Sec61p complexes) in detergent form cylindrical oligomers, with a diameter of about 85 Å and a central pore of about 20 Å . Each oligomer contains 3-4 heterotrimers. Similar ring structures are seen in reconstituted proteoliposomes and native membranes. Similarly, the SecY/E translocon of Bacillus subtilis forms ring structures in detergent micelles and in intact lipid bilayers, often with a quasi-pentagonal appearance in projection. When plasma membrane vesicles and protoplasts of E coli are fused to planar lipid bilayers and subsequently studied using electrophysiological techniques, large transmembrane aqueous channels are opened by addition of 0.2 nM LamB signal peptide to the cytoplasmic side of the membrane. These aqueous pores are similar in conductance to those observed in mammalian endoplasmic reticulum when puromycin is used to release and thus unplug nascent translocating chains Blobel 1991, 1992 ). These results demonstrate that signal peptides are sufficient for opening the protein-conducting channels and suggest that signal sequences are the physiological ligands that open protein-conducting channels at the initiation of protein translocation across prokaryotic plasma membranes and the mammalian endoplasmic reticulum.
Studies of prokaryotic protein translocation have been preceded by those of eukaryotic protein translocation, not only because the signal hypothesis is based on the eukaryotic model system but also because it is relatively easy to handle and use microsomes to study mechanisms of protein transport in vitro. In addition, the study of yeast genetics has rapidly lead to the discovery of several genes involved in the efficiency of transport processes. Understanding the basic principles of protein transport in the eukaryotic system has spurred research in prokaryotes and subcellular compartments, such as mitochondria and chloroplasts. It is now apparent that all export systems share some highly conserved components, typically including an SRP, SRP receptor, and the subunits of the translocation channel, although there are some differences among them. Interestingly, bacterial components such as SecA and SecY are found in thylakoid membranes of chloroplasts. The principles of protein transport in bacteria, therefore, can be extended to several systems.
E COLI TRANSLOCON: THE PROTEIN-CONDUCTING CHANNEL
SecA (100 kDa) was the first translocation component to be purified from the inner membrane of E coli in a functional form (Fig 1) . The removal of SecA from soluble components prepared from a wild type strain by passage through an anti-SecA antibody column abolishes protein translocation. Translocation activity is completely restored by addition of purified SecA protein, indicating that the observed defects are solely related to the loss of SecA function (Cabelli et al 1988) . Salt or urea treatment renders inner membrane vesicles dependent on cytosolic factors for functional binding and translocation of proOmpA. The relevant soluble protein is SecA. It is functional as a dimer (Cunningham et al 1989; Driessen 1993) and is responsible for the hydrolysis of adenosine triphosphate (ATP) that is required for both cotranslational and posttranslational protein translocation (Chen and Tai 1987; . SecA alone has a low level of adenosine triphosphatase (ATPase) activity, which is stimulated by anionic lipids and stabilized by interaction with a precursor protein (Lill et al 1990) . The fully activated state of SecA ATPase activity, the translocation ATPase, requires a lipid environment, some membrane proteins, and a precursor protein.
A trimeric complex was isolated from detergent extracts of inner membranes (Brundage et al 1990) . Individ- ual fractions obtained during the purification were assayed by forming proteoliposomes through detergent removal and measuring their capacity to support, in the presence of proOmpA, the translocation ATPase activity of SecA. The 3 members of this complex were identified in a sodium dodecyl sulfate-polyacrylamide gel as band 1, SecY, and SecE (Brundage et al 1990) . SecY spans the membrane 10 times and SecE spans the membrane 3 times (Akiyama and Ito 1989; Schatz et al 1989) . During analysis of the structure-function relationship of SecE, Nishiyama et al (1993 Nishiyama et al ( , 1994 found that a trichloroacetic acid-soluble fraction obtained from detergent-solubilized E coli cytoplasmic membranes stimulates the translocation activity of reconstituted proteoliposomes more than 20-fold. SecE, SecY, SecA, and ATP are essential for the factor-dependent stimulation of activity. A 12-kDa protein, which has stimulating activity, was purified to homogeneity from the trichloroacetic acid-soluble fraction. The partial amino acid sequence of the protein coincides with that deduced from the DNA sequence of the upstream region of the leuU gene. When the gene encoding p12, secG, is deleted from the chromosome, the deletion strain exhibits cold-sensitive growth. Pulse-chase experiments reveal that precursors of outer membrane protein A (OmpA), maltose-binding protein (MBP), and ␤-lactamase (Bla) accumulate at 20 ЊC, but not at 37 ЊC. Finally, the SecG protein and the band 1 subunit of E coli preprotein translocase were identified as the same protein (Nishiyama et al 1993 Douville et al 1994) . Although SecY, SecE, and SecG can be isolated separately and functionally recombined during proteoliposome formation , they are physiologically associated as a trimer both in vivo (Joly et al 1994) and in vitro (Brundage et al 1992) . The complex of SecA bound stoichiometrically to the membrane-embedded SecYEG (Hartl et al 1990; Douville et al 1995) constitutes the core of the preprotein translocase. The pure enzyme complex supports ATP and ⌬H ϩ -dependent preprotein translocation at rates and to extents that are comparable with those seen with the starting membrane vesicles (Bassilana and Wickner 1993) . Recent studies have shown that SecYEG is part of a larger complex that also contains SecD, SecF, and YajC (Fig 2) . Although sufficient to provide sites for high-affinity binding and membrane insertion of SecA and for its activation as a preprotein-dependent ATPase, SecYE has only a very low capacity to support translocation. The proteins encoded by secD operon-SecD, SecF, and yajC-also form an integral membrane heterotrimeric complex (SecDFyajC). Physical and functional studies show that these 2 trimeric complexes are associated to form SecYEGDFyajC, the hexameric integral membrane domain of the preprotein translocase holoenzyme. Either SecG or SecDFyajC can support the translocation activity of SecYE by facilitating the ATP-driven cycle of SecA membrane insertion and deinsertion at different stages of the translocation reaction (Duong and Wickner 1997) . So far, at least 2 different protein transport pathways have been found to use this translocon in E coli: the SRP-dependent and SecB-dependent pathways.
THE SRP-DEPENDENT PATHWAY
E coli 4.5S RNA and P48 (also called fifty-four homologue [Ffh] ) are analogous to the eukaryotic 7S RNA and SRP54, respectively (Poritz et al 1988; Bernstein et al 1989) . These components together suffice to constitute a functional SRP. The phylogenetic description of the secondary structure of the various SRP RNAs reveals a unique and highly conserved structural domain. This domain is also found in the 4.5S RNA of E coli and in the small cytoplasmic RNA of B subtilis (Poritz et al 1988) . The human SRP RNA can be divided into 4 structural domains (domains I, II, III, and IV). Domain IV is particularly interesting in that it consists of only 50 nucleotides, which form a rigid well-defined structure. It is composed of 3 short helices that are flanked by internal loops. The sequences of these loops are highly conserved among all SRP RNAs. The 4.5S RNA of the E coli SRP is much smaller than its eukaryotic and archaeal counterparts and that of most other bacteria. Nevertheless, it consists of a domain identical to domain IV found in other SRP RNAs of E coli (Poritz et al 1990; Larsen and Zwieb 1991) . It has been postulated that domain IV might confer on SRP the specific ribosome-binding properties required for its signal recognition function. Expression of human SRP 7S RNA in E coli can suppress the lethality caused by depletion of 4.5S RNA. In E coli, both RNAs are associated with Ffh. In vitro, both E coli Ffh and SRP54 specifically bind to 4.5S RNA. These results suggest that 4.5S RNA can functionally be replaced by 7S RNA from human SRP (Ribes et al 1990) . When E coli cells are depleted of 4.5S RNA, the translocation of Bla is strongly impaired but that of MBP, ribose-binding protein (RBP), and OmpA are unaffected (Poritz et al 1990; Ribes et al 1990) .
Ffh is necessary for viability and efficient protein export, since E coli cells that lack a functional Ffh fail to grow (Phillips and Silhavy 1992) . Depletion of Ffh results in an elongated cell phenotype. The translocation of al-kaline phosphatase, Bla, and RBP in Ffh-depleted cells is defective, whereas that of MBP, LamB, outer membrane protein F (OmpF), and OmpA is less affected. The sequence of Ffh suggests 3 domains: an amino-terminal N domain of unknown function, a central guanosine triphosphate (GTPase) G domain, and a methionine-rich M domain that binds both SRP RNA and signal peptides Zorf et al 1993) . Sequence conservation suggests that structurally similar N and G domains are present in FtsY, an E coli SRP receptor. The M domain of Ffh has been suggested to be involved in RNA binding, whereas the N and G domains bind signal peptides (Zheng and Gierasch 1997) . The crystal structure of the protease-resistant N and G domains (NG domain) from Ffh of T aquaticus suggests that the N domain senses or controls the nucleotide occupancy of the GTPase domain (Freymann et al 1997) .
FtsY, an E coli SRP receptor, is located in the cytosol and the membrane, although it does not have any predicted transmembrane segment (Luirink et al 1994) , unlike SR␣, the membrane-associated mammalian counterpart (Connolly and Gilmore 1989) . The Ffh/4.5S ribonucleoprotein binds tightly to FtsY in a GTP-dependent manner. This interaction results in the stimulation of GTP hydrolysis, which can be inhibited by signal peptides. These properties mimic those of mammalian SRP and its receptor, suggesting that the E coli Ffh/4.5S ribonucleoprotein and FtsY have functions in protein targeting that are similar to those of their mammalian counterparts (Miller et al 1994) . A GTPase domain (NG domain) in FtsY is preceded by a highly charged domain (A domain). The structure of the NG domain could be divided into 3 regions: the N domain, a GTPase domain, and an ␣-␤-␣ insertion (I box) that is unique to the SRP-type GTPases (Bourne et al 1991; Montoya et al 1997) .
Using a protein cross-linking approach, Valent et al (1998) have demonstrated that the SRP pathway delivers nascent inner membrane proteins to the membrane. The SRP receptor FtsY, GTP, and inner membranes are required for release of the nascent proteins from the SRP. On release of the SRP at the membrane, the targeted nascent proteins insert into a translocon that contains at least SecA, SecY, and SecG. Kumamoto and Beckwith (1983) isolated mutants with pleiotropic defects in protein secretion. The lesions, which cause secretion defects, have been mapped to a locus called secB. These mutants are defective in the localization of at least MBP, LamB, OmpA, and OmpF (Kumamoto 1990) . It is believed that SecB associates with the precursor forms of exported proteins in the cytoplasm and dissociates before or during translocation of precursors across the cell membrane (Kumamoto 1989) . DNA sequence analysis of the secB gene revealed that the SecB protein is a 16.6-kDa acidic polypeptide, and centrifugation analysis has revealed it forms a tetramer (Kumamoto and Nault 1989; Watanabe and Blobel 1989) . Randall and Hardy (1986) found that before export, precursor MBP (pre-MBP) is found in the cytoplasm in a loosely folded conformation that is sensitive to protease. Furthermore, when export of MBP is inhibited by the presence of uncoupler, the wild type precursor remains in the cytoplasm in a proteolysis-sensitive state. In contrast, under the same conditions, a mutant form (MalE14-2) that folds rapidly into a stable conformation is resistant to proteolysis. A kinetic analysis was carried out in the absence of uncoupler so that the MBPs would be exported. Although the export of the wild type precursor is rapid and complete, export of the mutant precursor is slow, and only 40% of the protein reaches the periplasm. It was found that the kinetics of folding closely parallel the loss of export competence, and once the population of intracellular precursor has folded completely, no further export occurs. This finding suggested that tightly folded pre-MBP molecules are unable to translocate. Therefore, pre-MBP molecules that are destined for export must be in a loosely folded conformation; components of the E coli export apparatus are involved in maintaining this translocation-appropriate form.
THE SecB-DEPENDENT PATHWAY
Although the precursor protein proOmpA can translocate across purified E coli inner membrane vesicles in the absence of any other soluble proteins, the efficiency of translocation is significantly enhanced if cytoplasmic factors are also present (Crooke et al 1988) . In fact, after dilution, proOmpA rapidly loses its ability to become membrane integrated. This suggests that the primary role of soluble factors is to maintain exported proteins in a translocation-competent state. These factors could enhance precursor export by promoting or stabilizing a specific nonnative conformation or simply by obstructing the folding of the protein into its final form. The best characterized example of a soluble factor that serves this purpose is SecB. In the absence of SecB, tightly folded cytoplasmic precursor MBP is observed in vivo (Kumamoto and Gannon 1988) , consistent with the notion that one of the functions of SecB is to prevent precursor folding. In addition, purified SecB influences the conformation of precursor proteins in vitro. It retards folding, prevents formation of protease-resistant pre-MBP, promotes membrane translocation of MPB in vitro (Collier et al 1988; Weiss et al 1988) , and maintains the translocation competence of proOmpA and prePhoE in vitro (Lecker et al 1989; Kusters et al 1989) . In addition, SecB has been shown to associate physically with precursors as predicted from its effects on export competence (Kumamoto 1989; Lecker et al 1989; Randall et al 1990) .
A model for the interaction of SecB and ligands, based on studies of peptide binding (Randall 1992) , proposes that the tetramer of SecB has multiple sites that bind flexible, positively charged stretches of polypeptide approximately 15 aminoacyl residues in length. Saturation of these binding sites induces a conformational change in SecB, and a hydrophobic site is exposed, which is proposed to interact with the hydrophobic regions of the nonnative polypeptide ligand. However, an effort to define the characteristics of SecB-binding sites on the physiological ligand MBP did not show a consensus sequence involved in binding. It did, however, suggest that the binding frame within a physiological ligand for SecB comprises contiguous sites positioned around the center of the polypeptide chain .
Why do some precursor proteins have an absolute requirement for SecB, whereas others do not? Competition experiments show that SecB binds selectively to nonnative proteins with high affinity and with specificity for stretches of a few aromatic and basic residues (Hardy and Randall 1991; Knoblauch et al 1999) . The occurrence and affinity of binding regions are similar in SecB-dependent, SecB-independent, and cytosolic proteins. Furthermore, SecB lacks specificity toward signal sequences. Therefore, SecB cannot differentiate between secretory and nonsecretory proteins via its binding specificity. It is suggested that selectivity in binding is due to a kinetic partitioning of polypeptides between folding and association with SecB. By exposing a hydrophobic patch on SecB, Diamond and Randall (1997) have detected a complex between SecB and MBP under conditions in which rapid folding of the polypeptide otherwise precludes formation of a kinetically stable complex. These studies explain how SecB specifically recognizes and binds to its target. However, questions about why and how SecB-independent secretory proteins are not affected by SecB remain unanswered. Several investigators have tried to determine what specifies SecB dependence using fusion proteins of various portions of SecB-dependent and SecB-independent proteins. The amino-terminal 74 aminoacyl residues are responsible for the SecB dependence of MBP, whereas the 60 residues that are C terminal to residue 320 of the mature protein are responsible for the SecB dependence of LamB (Gannon and Kumamoto 1989; Altman et al 1990) . For OmpF, the first 11 amino acids of the mature protein seem to influence SecB dependence (Watanabe et al 1988) . Yet, it is not clearly understood why these various portions result in SecB dependence of these different proteins.
The phenotype of secB null mutants suggests that stabilization of a loosely folded conformation is not the only role of SecB in export (Kumamoto 1991) . In the absence of SecB, 75% of the cytoplasmic pre-MBP remains in an unfolded, export-competent form (Kumamoto and Gannon 1988) . If the sole function of SecB is to prevent folding, this population of pre-MBP should still be exported even in secB null strains. However, a significant defect is observed in the efficiency with which this pre-MBP is exported. These data suggest that, in addition to its role in maintaining the precursor in an unfolded form, SecB performs a second function that enhances the rate of protein export. SecB might simultaneously block folding and accelerate protein export by stabilizing the particular conformation of the precursor that is most favorable for productive interaction with other components of the export apparatus. Binding to the precursor protein, SecB prevents alternate processes, such as folding and aggregation, and transfers the precursor to the membrane-bound translocon in an appropriate state for rapid and productive translocation. Indeed, using the purified components proOmpA, SecB, and SecA, Hartl et al (1990) have established the sequence of reactions involved in the productive, high-affinity binding of the precursor to inner membrane vesicles. In addition to its role in stabilizing preproteins in solution, SecB prevents membrane association at nonproductive, low-affinity sites. Furthermore, SecB itself has a direct binding affinity for SecA, although the SecA-SecB interaction is weak in solution (Hoffschulte et al 1994) but occurs with high affinity at the membrane surface and is promoted by precursor proteins (Hartl et al 1990) . SecA binds the proOmpA-SecB complex (K d ϭ 60 nM) through direct recognition of both the SecB (K d ϭ 200 nM) and the signal and mature domains of the precursor protein. This contributes to the accurate targeting of the preprotein-SecB complex to the membranebound translocase. The SecB-binding site on SecA is located at the extreme carboxy terminus (22 aminoacyl residues) of the SecA dimer (Fekkes et al 1997) , although there is a possibility that SecA has other SecB-binding sites (Fig 3) . These findings raise questions regarding the mechanics of the SecA-SecB interaction. For example, does the SecB-binding site on SecA just serve to tether the 2 proteins together at the gateway of translocation sites? Or, does it also serve as a switch to trigger another interaction(s) once SecA is occupied by SecB? What is the outcome of SecA-SecB binding to precursor proteins? Does SecB just deliver the precursor proteins to SecA or does SecB induce SecA to adopt a higher-affinity conformation for the precursor proteins?
Site-directed mutagenesis has revealed 2 distinct classes of secB mutants (Kimsey et al 1995) (Fig 3) . Substitutions at every second residue within the region encompassing reduce the ability of SecB to form stable complexes with pre-MBP but cause only mild defects in the rate of MBP export. The characteristics of this class of mutants suggest that a primary binding site on SecB for pre-MBP is hydrophobic and contains ␤-sheet secondary structure. In contrast, substitutions at or Glu-77 cause a severe reduction in the rate of MBP export but do not disrupt SecB-pre-MBP complex formation. These mostly acidic residues may function to modulate the opening of a preprotein binding site on the translocon, allowing both high-affinity preprotein binding and rapid dissociation of SecB-preprotein complexes at the membrane translocation site.
Biochemical approaches have also been used to identify characteristics of SecB-binding sites on precursor proteins. When SecB is in complex with a ligand, it becomes resistant to proteinase K, unlike free SecB. It has been postulated, based on the sensitivity to proteolysis experiments, that the binding of positively charged peptides changes the conformation of SecB (Randall 1992) . Saturation of the binding sites induces a further conformational change that fully exposes the hydrophobic site, which is then available to bind hydrophobic regions of polypeptide ligands. Interestingly, sequence analysis of the extreme carboxy terminus of SecA suggests it is strongly electropositive, with a pI value of 9.5-10.8 (Fig  3) . Therefore, it is tempting to speculate that the carboxy terminus of SecA is recognized by SecB through electrostatic interactions. Consistent with this idea, mutations at Leu-75 and Glu-77 of SecB result in loss of binding to SecA (Fekkes et al 1998) . However, the specific SecA-SecB interaction is difficult to explain merely by electrostatic interactions. Rajapandi and Oliver (1994) have shown that substitution of the conserved Cys-896 and Cys-885 or Cys-887 with serine in the carboxy-terminal tail of SecA inhibits the translocation activity of SecA.
CONCLUDING REMARKS
Some precursor proteins require SecB to accomplish efficient export, whereas others do not. Several investigators have tried to understand why. The most perplexing findings are that there is no obvious rationale for SecBdependent proteins to be SecB dependent and that SecBbinding sites are distributed evenly throughout both SecB-dependent and SecB-independent proteins. In addition, SecB can bind mature proteins even in the absence of a signal sequence. A prevailing explanation is given by the kinetic partitioning model (Hardy and Randall 1991) . It states that selectivity in binding is due to a kinetic partitioning of polypeptides between folding and aggregation and association with SecB. In other words, only when the rate of folding is sufficiently slow does SecB bind to a polypeptide, leading to its translocation. This model, however, raises some questions. For example, how do cytoplasmic proteins and SecB-independent secretory proteins escape SecB binding? According to Hardy and Randall (1991) and Randall et al (1994) , the rate constant for association of SecB with precursor proteins is estimated to be about 10 7 Ϫ 10 8 M Ϫ1 s Ϫ1 , which will give a pseudo-first-order SecB association rate of 4 to 40 s Ϫ1 , assuming the free (uncomplexed) cellular concentration of SecB is about 0.4 M (Hardy and Randall 1991) . However, the experimentally measured rate constant for association of SecB with bovine pancreas trypsin inhibitor reported by Fekkes et al (1995) is at least 10 9 M Ϫ1 s Ϫ1 , which will give a pseudo-first-order SecB association rate of 400 s Ϫ1 or faster based on the same SecB concentration. Considering that the rate constants for cytoplasmic protein folding are in the range of 5 to 10 s Ϫ1 in vitro (Hardy and Randall 1991) , it seems possible that SecB could bind efficiently to most cytoplasmic proteins. Therefore, the kinetic partitioning model is not sufficient to support a substrate selectivity role for SecB.
How can nonselective SecB binding lead to selective SecB use? There could be several answers to this question. First, cytoplasmic proteins may be preferentially recognized by other chaperones such as GroEL and DnaK. In a similar manner, SecB-independent proteins may be preferentially recognized by other transport factors such as SRP. These explanations invoke the notion that SecB itself is not selective and imply that SecB-dependent proteins become SecB dependent not because SecB preferentially binds to them but because these proteins are not readily recognized by other chaperones or SRP.
Second, SecB may acquire selectivity by recognizing its substrate in combination with other partner protein(s). The most probable partner is SecA. Even in the absence of precursor proteins, the SecB tetramer has an affinity of about 30 to 250 nM for membrane-bound SecA (Hartl et al 1990; Fekkes et al 1997) . Since the concentration of the SecB tetramer in the cell is estimated to be about 1 to 13 M (Hardy and Randall 1991; Knoblauch et al 1999) , it is very likely that membrane-bound SecA is in complex with SecB even in the absence of preproteins. Our cross-linking data involving SecA and SecB (Kim and Kendall, unpublished results) also agree with this idea in that, in that range of SecB (1-13 M tetramer), SecA-SecB crosslinking is saturated. In vivo, if most of the SecA is in complex with SecB, then precursor proteins should be recognized by both SecA and SecB simultaneously. Since SecB does not have any striking substrate specificity and because it has an ability to bind most unfolded polypeptides, it is more reasonable that SecA has a main role in choosing its substrate by binding to the signal peptide specifically (Miller et al 1998) . SecB might keep the precursor protein unfolded by binding to the mature region nonspecifically. This SecA-SecB complex could promote substrate recognition not only because it endows selectivity but also because it could enhance the affinity for precursor proteins. We observed a SecB-induced conformational change of SecA. Consistent with this idea, in the presence of SecB, the SecA ATPase activity is increased (Kim and Kendall, unpublished results) . These findings predict that SecB-independent proteins may be well recognized by SecA even in the absence of SecB, suggesting they have a higher affinity for SecA than SecB-dependent proteins. Perhaps, SecB-independent proteins follow a strict cotranslational translocation pathway via SRP because they have a higher affinity for Ffh than SecB. These precursor proteins in complex with SRP could be targeted to SecA with high efficiency even in the absence of SecB. Consistent with this idea, when the hydrophobicity of the signal sequence is increased to optimize Ffh binding, the precursor protein becomes SecB independent, whereas when the hydrophobicity is decreased, the precursor protein becomes SecB dependent (Kim et al 2000) . Another possibility is that the SecB-independent proteins are better substrates for other chaperones or SecA itself. Bla seems to fall in this category because it has been reported that GroEL binds to Bla (Bochkareva et al 1988) . Interestingly, GroEL binds SecA (K d ϭ 1 M) at the cytoplasmic membrane (Bochkareva et al 1998) . The specificity of GroEL for precursor proteins may also be decided in the context of SecA rather than by GroEL itself.
